Outbreaks of food-borne listeriosis have often involved strains of serotype 4b. Examination of multiple isolates from three different outbreaks revealed that ca. 11 to 29% of each epidemic population consisted of strains which were negative with the serotype-specific monoclonal antibody c74.22, lacked galactose from the teichoic acid of the cell wall, and were resistant to the serotype 4b-specific phage 2671.
Listeria monocytogenes serotype 4b has been implicated in ca. 40% of sporadic cases of listeriosis and in most major food-borne epidemics (2, 5, 14) . Several of the high-impact outbreaks which took place in Europe and North America during the past two decades involved one clonal lineage. In North America, this lineage was implicated in the 1981 Nova Scotia coleslaw outbreak (41 cases; 18 deaths) (13) , as well as in the 1985 Jalisco (Spanish-style) cheese outbreak in Los Angeles (142 cases; 48 deaths) (11) . The lineage possesses a characteristic restriction fragment length polymorphism (RFLP) (20) and also has a modification of DNA at GATC sites, possibly reflecting the presence of a cognate restriction endonuclease that may serve as a defensive strategy against phage invasion (21) . At least two other genetically distinct serotype 4b lineages have been implicated in food-borne outbreaks in North America: one was associated with the New England outbreak of 1983 (49 cases; 14 deaths) and was epidemiologically linked to contaminated pasteurized milk (4), whereas the other was responsible for the 1998-to-1999 multistate outbreak of listeriosis (101 cases; 21 deaths), in which Listeria-contaminated hot dogs were implicated (1) .
In earlier work we described monoclonal antibodies (MAbs) c74.22 and c74.33, which reacted with strains of serotype 4b, 4d, and 4e but with no other L. monocytogenes serotypes (8) . The MAbs appear to recognize surface antigenic determinants associated with sugar substituents on the teichoic acid of the cell wall (9, 12) . As a rule, serotype 4b isolates of food or clinical origin reacted strongly with these MAbs, with the notable exception of two clinical strains from the Nova Scotia and New England outbreaks which were positive with c74.33 but negative with c74.22 (8) . It would seem important to determine whether this special phenotype (c74.22 negative, c74.33 positive) was also seen in other clinical isolates from the same outbreak population and in implicated food or environmental isolates. Therefore, we examined the incidence of c74.22-negative strains among a large number of isolates from three separate epidemics of listeriosis (the New England and Nova Scotia outbreaks and the Jalisco cheese outbreak).
The outbreak populations which we surveyed in this study were chosen on the basis of the availability of multiple isolates from the same outbreak. The strains were derived from the Listeria strain collection maintained at the National Animal Disease Center and are listed in Table 1 . All strains were of serotype 4b. The strains were maintained at Ϫ70°C with minimal passaging in the laboratory and were grown as previously described (8) . The Jalisco cheese outbreak isolates included 18 clinical isolates, as well as 11 food isolates and 16 environmental isolates from the implicated cheese plant. Of the 26 Nova Scotia outbreak-associated strains, 24 were clinical and only two strains were available from the implicated food (coleslaw). The New England outbreak strains were all of clinical origin, as the etiologic agent was never isolated from the implicated food source (milk) or from the environment (4).
All Nova Scotia and Jalisco cheese epidemic-associated strains listed in Table 1 had the epidemic clone-specific RFLP in the ltrB genomic region, which is involved in the ability of the pathogen to grow at low temperatures (20) , and the DNA modification characteristic of this epidemic clonal lineage, which rendered their DNA resistant to digestion by Sau3AI (21) . In contrast, strains of the New England outbreak lacked this DNA modification and the ltrB-specific RFLP (20, 21) and constitute an independent epidemic-associated lineage. Earlier studies have shown that the New England outbreak strains were genetically closely related to each other (19) .
Strains were screened with c74.22 and c74.33 by means of colony immunoblots carried out as described elsewhere (10) . All strains were positive with c74.33. In contrast, several were found to be c74.22 negative, completely lacking a color signal in the colony immunoblots ( Table 1 ). The c74.22-positive or c74.22-negative phenotype was reproducible and stable following repeated passages in the laboratory. Furthermore, repeated screenings of c74.22-negative strains failed to identify any c74.22-positive revertants.
The frequency of c74.22-negative strains varied among the three epidemic-associated populations, as summarized in Table 2 . Among clinical isolates, c74.22-negative strains were most common in the Nova Scotia outbreak population (29.2%). Of the food and environmental isolates from the Jalisco cheese outbreak, 1 of 16 environmental isolates and none of 11 food isolates were c74.22 negative. The negative isolates from the Nova Scotia outbreak were all of clinical origin. The two available isolates from the implicated food (coleslaw) were both c74.22 positive (Tables 1 and 2 ). In addition to the c74.22-negative strains, each population also harbored a small number of isolates which were c74.22 positive, but at reduced levels (the blue color intensity in the colony immunoblots was approximately one-fourth of that produced by c74.22-positive strains). Interestingly, strain Scott A (LMNE6), extensively used in bacteriologic studies, was one such c74.22-reduced strain.
Genetic and biochemical studies suggest that teichoic acid glycosylation is required for reactivity of L. monocytogenes serotype 4b with c74.22 (10, 12) . To determine whether teichoic acid glycosylation was impaired in the c74.22-negative epidemic strains, we used previously described methods (3, 7, 16) to determine the cell wall composition of six c74.22-negative clinical isolates (strain LMJL3, from the Jalisco cheese outbreak; strains LMNS1, LMNS4, LMNS16, and LMNS21, from the Nova Scotia outbreak; and strain LMNE1, from the New England outbreak [ Table 1 ]). One c74.22-positive strain from the Jalisco cheese epidemic was also included (strain LMJL21) and was confirmed to have a teichoic acid composition typical of serotype 4b strains (Fig. 1A) , with galactose and glucose as substituents on the N-acetylglucosamine in the teichoic acid backbone of this serotype (3, 7, 16) . In contrast, the teichoic acids of all six c74.22-negative strains lacked galactose. Glucose, however, was present, at wild-type levels in four strains (LMJL3, LMNS1, LMNS16, and LMNS21) and at somewhat reduced levels in two strains (LMNS4 and LMNE1). The structural implications of the apparent reduction in glucose levels of the teichoic acids of the latter strains were not 
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In L. monocytogenes, teichoic acid sugar substituents have been shown to serve as receptors for serotype-specific phage (15, 18) . Infections with the serotype 4b-specific phage 2671, carried out as described elsewhere (21), revealed that the c74.22-negative epidemic-associated strains were all resistant to this phage. Strains with reduced reactivity to c74.22 were phage sensitive and were indistinguishable in this regard from c74.22-positive isolates ( Table 1) .
The resistance of the c74.22-negative bacteria appeared to be related to failure of the phage to adsorb, since phage adsorption assays (15) with strains LMJL1 and LMJL3 (c74.22-positive and c74.22-negative clinical isolates, respectively, from the Jalisco cheese outbreak [ Table 1 ]) showed a significant (10-to 20-fold) decrease in phage adsorption onto the c74.22-negative cells (data not shown). The receptor for serotype 4b-specific phage has been shown to be the N-acetylglucosamine of the teichoic acid (18) . Since this teichoic acid component is normal in these strains (Fig. 1) , we can conclude that galactose on the teichoic acid either is required for normal presentation of the phage receptor or may serve as the receptor itself.
The observed stability of the c74.22-positive and c74.22-negative phenotypes suggests that the c74.22-negative strains are not likely to be simple laboratory variants. In our experience with numerous serotype 4b strains, we never encountered loss of c74.22 reactivity in response to growth conditions, laboratory storage, and/or repeated subculturing. In fact, reactivity with c74.22 is one of the most stable phenotypes in laboratory cultures of serotype 4b bacteria and is present in all sporadic strains of serotype 4b which we have screened to date (8; Z. Lan and S. Kathariou, unpublished data). We therefore hypothesize that the epidemic-associated c74.22-negative strains were present in the vehicle of infection or, alternatively, that they represent spontaneous mutants of c74.22-positive bacteria that became established in the course of infection in certain patients. Unfortunately, we lack food isolates specifically linked to those patients who yielded the c74.22-negative strains. In the two outbreaks from which food-derived strains were available, however, all examined food-derived isolates were c74.22 positive (Table 1) , although we cannot exclude the possibility that c74.22-negative strains might have been identified in a larger population of food isolates.
The alternative hypothesis, that the c74.22-negative phenotype became established independently in different patients in the course of their infection by c74.22-positive bacteria, may deserve consideration. The c74.22-specific antigen is constitutively expressed on the surfaces of serotype 4b cells, at least when they are grown in vitro (8) , and sugar substituents on teichoic acids have been shown to be strong immunogens (7, 17) . Thus, strains lacking expression of this surface antigen may be at an advantage in terms of immune system evasion. Individual variation in the immune statuses of the patients, as well as possible strain-specific determinants, may account for the observed variation in the incidence of c74.22-negative strains among outbreaks and from one patient to another.
The phage resistance that accompanies the c74.22-negative phenotype and the altered teichoic acid glycosylation would also be expected to confer a selective advantage on bacteria in foods and in the environment. However, only 1 of 29 food and environmental epidemic-associated strains was found to be c74.22 negative (Table 1) . In our opinion, selective pressure for loss of the phage receptor may be low for these strains, which are already substantially phage resistant (21) , probably due to a preexisting restriction-modification system(s).
The genetic basis for the c74.22-negative phenotype of the epidemic-associated strains described here remains to be identified. Pulsed-field gel electrophoresis of the Jalisco cheese outbreak strains LMJL1 and LMJL3 (c74.22 positive and negative, respectively) showed that the strains had identical patterns (R. Y. Kanenaka, personal communication). Genomic fingerprinting using repetitive element PCR (6) also yielded identical patterns (E. M. Meleshkevich and S. Kathariou, unpublished data). This suggests that the c74.22-negative phenotype was not accompanied by detectable genomic rearrangements. In addition, the mutation does not appear to be located in the recently described gtcA gene, mutations in which render the bacteria c74.22 negative (but still c74.33 positive) and result in a loss of galactose and a marked reduction in glucose levels in the teichoic acids of the cell wall (12) . The gtcA sequence, including the regulatory region, was identical between two c74.22-positive and c74.22-negative strains from the Jalisco cheese outbreak (12) . It appears, therefore, that the mutation responsible for the c74.22-negative phenotype of LMJL3 resides not in gtcA but in another, as yet unidentified locus. These findings were in agreement with our cell wall analysis data, which showed that the c74.22-negative epidemic strains lacked galactose in the teichoic acids of the cell walls but still maintained glucose. In contrast, transposon-induced mutants in gtcA had only trace levels of glucose in the teichoic acids (12) .
In conclusion, the three epidemic strain populations studied here appear to contain antigenically unique strains, the teichoic acid of which lacks the galactose substituents characteristic of serotype 4b. Studies of populations from additional epidemics, especially those involving novel lineages (e.g., the recent multistate outbreak of 1998 to 1999 [1] ), will enhance our understanding of the population structure of epidemicassociated L. monocytogenes and may lead to better understanding of pathogen-host interactions in human food-borne listeriosis.
